The sarafotoxins and endothelins are ~25 residue peptides that spontaneously fold into a defined tertiary structure with specific pairing of four cysteines into two disulfide bonds. Their structures show an interesting topological similarity to the core of the metalloproteinase interaction sites of the tissue inhibitors of metalloproteinases. Previous work indicates that sarafotoxins and endothelins can be engineered to eliminate or greatly reduce their vasopressive action and that their structural framework can withstand multiple sequence changes. When sarafotoxin 6b, which possesses modest matrix metalloproteinase inhibitory activity, was C-terminally truncated to remove its toxic vasopressive activity, the metalloproteinase inhibitory activity was essentially abolished. However, further changes, based on the sequences of peptides selected from libraries of sarafotoxin variants or suggested by analogy with tissue inhibitors of metalloproteinases, progressively enhanced the matrix metalloproteinase-inhibitory activity. Peptide variants with multiple substitutions folded correctly and formed native disulfide bonds. Improvements in matrix metalloproteinase affinity have generated a peptide with micromolar K i values for matrix metalloproteinase-1 and -9 that are selective inhibitors of different metalloproteinases. Characterization of its solution structure indicates a close similarity to sarafotoxin but with a more extended Cterminal helix. The effects of N-acetylation and other changes, as well as docking studies, support the hypothesis that the engineered sarafotoxins bind to matrix metalloproteinases in a manner analogous to the tissue inhibitors of metalloproteinases.
The sarafotoxins and endothelins are ~25 residue peptides that spontaneously fold into a defined tertiary structure with specific pairing of four cysteines into two disulfide bonds. Their structures show an interesting topological similarity to the core of the metalloproteinase interaction sites of the tissue inhibitors of metalloproteinases. Previous work indicates that sarafotoxins and endothelins can be engineered to eliminate or greatly reduce their vasopressive action and that their structural framework can withstand multiple sequence changes. When sarafotoxin 6b, which possesses modest matrix metalloproteinase inhibitory activity, was C-terminally truncated to remove its toxic vasopressive activity, the metalloproteinase inhibitory activity was essentially abolished. However, further changes, based on the sequences of peptides selected from libraries of sarafotoxin variants or suggested by analogy with tissue inhibitors of metalloproteinases, progressively enhanced the matrix metalloproteinase-inhibitory activity. Peptide variants with multiple substitutions folded correctly and formed native disulfide bonds. Improvements in matrix metalloproteinase affinity have generated a peptide with micromolar K i values for matrix metalloproteinase-1 and -9 that are selective inhibitors of different metalloproteinases. Characterization of its solution structure indicates a close similarity to sarafotoxin but with a more extended Cterminal helix. The effects of N-acetylation and other changes, as well as docking studies, support the hypothesis that the engineered sarafotoxins bind to matrix metalloproteinases in a manner analogous to the tissue inhibitors of metalloproteinases.
The endothelins (ET 1 ) are a family of 21-25 residue peptides that fall into two major categories, endothelins and sarafotoxins (Srt). The names are derived from their biological sources, endothelial cells, and the venoms of snakes of the genus Atractaspis (in Hebrew; Saraf Ein Gedi). Three ETs are found in humans and an array of Srts are present in the venoms of different Atractaspis sp. ET-family complexity arises from a variety of mechanisms; expression from mulitiple genes, proteolytic processing, and possibly, RNA editing (1) (2) (3) (4) . NMR and crystallographic studies reveal that these peptides contain a bicyclic two-disulfide (Cys 1 -Cys 15 , Cys 3 -Cys 11 ) framework with a specific tertiary structure. The N-terminal residues form a β-strand followed by a β-turn at residue 5 (5); residues 9-16 are mainly α-helical, whereas the C-terminal residues are flexible in solution (6) . However, the crystal structure and protease susceptibility studies suggest that these Cterminal residues may associate with the bicyclic core as an α-helix (7, 8) . ETs have many physiological effects including stimulation of cell proliferation, promotion of the expression of cell adhesion molecules and extracellular matrix components, activation of the inflammatory cascade, as well as the wellcharacterized contraction of smooth muscle tissue (9) . In humans, these biological activities are mediated via the endothelin receptors, ET A and ET B . ET B receptors bind ETs and Srts with little selectivity, whereas ET A receptors show greater affinity for ET-1, ET-2, and Srt b, over ET-3 and Srt c (5) . The flexible C-terminal hexapeptide, especially Trp21, have been found to be critical for high affinity binding to ET A and ET B (10) and truncated peptides containing this region in isolation are effective antagonists of ET binding to both receptor types (5) . The tissue inhibitors of metalloproteinases (TIMPs) are a group of high affinity endogenous inhibitors of the matrix metalloproteinases (MMPs) and some disintegrin metalloproteinases (ADAM and ADAMTSs). TIMPs have an integral role in regulating MMP activites and an appropriate balance between TIMPs and active MMPs is crucial for ECM homoeostasis. Active MMPs have important physiological roles in embryonic development and wound healing but excess MMP activity has been linked to pathological conditions including arthritis, cardiovascular disease, and tumor cell metastasis (11) . Because the TIMPs play a key role in modulating metalloproteinase activity they offer a potential route for therapeutic intervention in these diseases (11) (12) (13) . The four TIMPs found in mammals (TIMP-1 through -4) have overlapping inhibitory specificities, and together regulate the activities of more than 30 metalloproteinases in human (11) . Mammalian TIMPs are two-domain molecules, having a larger N-domain (about 120 amino acids) and a smaller C-domain of about 65 residues; each domain is stabilized by three disulfide bonds. The MMP inhibitory activity is located in the Ndomain and recombinant forms of the truncated N-terminal domains of TIMPs (N-TIMPs) fold independently and are fully active as metalloproteinase inhibitors (11) . The crystallographic structure of the TIMP-1/MMP-3 complex indicated that approximately 75% of the intermolecular contacts of the TIMP-1 component with MMP-3 are made by the residues surrounding the Cys1-Cys70 disulfide bond, specifically residues 1-5 and 66-70 (14) . Similar contacts were observed subsequently in the structure of complexes of TIMP-2 with MMP-14 (15) and MMP-13 (16) and the complex of N-TIMP-1 with MMP-1 (17) . To develop their potential as therapeutic agents while minimizing deleterious side-effects, NTIMPs have been successfully engineered by mutation of their MMP-interaction sites to enhance their inhibitory selectivity for different metalloproteinases (18) (19) (20) . However, there are many advantages associated with engineering a smaller peptide inhibitor of metalloproteinases if a TIMP-like scaffold can be identified. In relation to this possibility, we noticed a topological similarity between ETs and the core of the MMP-interaction site of TIMP (Fig. 1) . ETs and Srts are generated in vivo by proteolytic cleavage from larger precursors. However, previous studies have shown that they can be produced by solid-phase peptide synthesis, and fold spontaneously, in vitro, in high yield into native tertiary structures with the correct disulfide bond pairing of cysteines. Also, a number of ET variants have been produced that retain the ability to fold correctly (21) (22) (23) (24) suggesting that the ET scaffold is robust and is an appropriate starting point for the design of small topologically defined peptides with possible metalloproteinase inhibitory activities. Our initial studies showed that Srt6b has some inhibitory activity towards MMP-2 and MMP-3 leading to an investigation of peptides based on Srt6b that are modified to greatly reduce or eliminate their potentially toxic vasopressive activity. While initial changes of this type also largely eliminated MMP inhibitory activity, we were able to incorporate further changes that enhance selective inhibitory activity towards MMPs, producing inhibitors with K i values around 1 µM. Structural characterization by circular dichroism and NMR indicates that the inhibitors have solution structures that are similar to Srt and ET but with increased helical content. The effects of structural changes and molecular docking studies support the view that Srt variants may act in a manner analogous to TIMPs. and MMP-14, were prepared and characterized as described (25, 26) . The ADAM-17 substrate (Mca-PLAQAV-Dpa-RSS-NH 2 ) was purchased from R & D Systems (Minneapolis, MN). The ADAMTS-4 substrate, which incorporates an ELE~GR cleavage motif has been described previously (27) . Peptide Synthesis. Peptide-resin assembly was performed by Fmoc solid-phase methodology on an ABI 433A Peptide Synthesizer (28) . Cleavage and side-chain deprotection of peptideresins proceeded for at least 2 h using Reagent K, phenol-thioanisole-water-ethanedithiol-TFA (5:5:5:2.5:82.5) (29). Cleavage solutions were extracted with methyl t-butyl ether prior to purification. Limited combinatorial libraries of peptides were generated by mixing Fmocprotected amino acids in appropriate ratios to produce equimolar coupling based the work of Ostresh et al. (30) . Peptide Folding and Purification. Crude peptides were dissolved in 1 mM 2-hydroxyethyl disulfide, 5 mM 2-mercaptoethanol in 0.1 M NH 4 HCO 3 , pH 8.5, and mixed 1-18 h at 4 °C. Disulfide bond formation was monitored by analytical RP-HPLC based on the observation that oxidized endothelin-model peptides elute earlier than reduced peptides (18, 23) . RP-HPLC was performed with a Hewlett-Packard 1100 Liquid Chromatograph equipped with a Vydac 218TP5415 C 18 RP column (5 µm particle size, 300 Å pore size, 150 x 4.6 mm). Eluants were 0.1% TFA in water (A) and 0.1% TFA in acetonitrile (B). The column was eluted with a gradient from 0-60% B in 25 min at a flow rate of 1.0 mL/min and eluted peptides were detected by UV absorbance at λ = 220 and 280 nm. Peptides were purified usng a Rainin AutoPrep System with a Vydac C 18 column (15-20 µm particle size, 300 Å pore size, 250 x 22 mm) at a flow rate of 10.0 mL/min using the same eluants; the elution gradient was adjusted as required. Most of the cysteine-containing peptides folded into two forms separable by RP-HPLC. The earlier eluting fraction was found to contain the correctly folded peptide. Thus, fractions containing homogenous products were identified by a combination of analytical RP-HPLC and MALDI-TOF MS. Peptide Characterization. MALDI-TOF-MS was performed with an Applied Biosystems Voyager DE-STR MALDI-TOF mass spectrometer using an α-cyano-4-hydroxycinnamic acid matrix (31) . Sulfydryl content was determined with 5-5'-dithio-bis(2-nitrobenzoic acid) (DTNB) using a D/L-cysteine standard curve (32, 33) . Disulfide bond connectivity was assigned by partial reduction using tris(2-carboxyethyl) phosphine (TCEP) and derivatization with N-ethylmaleimide (NEM) (34). Briefly, a sample (9 nmol) of peptide was reduced for 5 min with a 25-50 fold excess of TCEP in 0.1 M citrate, pH 3.0. Sulfhydryls were derivatized using a 600-fold excess of NEM in 0.1 M citrate, pH 3.0 for 20 min followed by immediate RP-HPLC purification. Fractions corresponding to partially reduced peptide were analyzed by MALDI-TOF-MS and by automated Edman degradation with an ABD Procise 494 Sequencer. Far UV (λ = 195-250 nm) circular dichroism spectra were measured with a JASCO J-810 spectropolarimeter using a 0.1 cm path-length quartz cell. Temperature was controlled using a JASCO PFD-425S temperature control unit. CD spectra were analyzed using the k2d neural network program (35) to predict the secondary structure content of peptides.
Materials and Methods

Affinity
Chromatography. The chosen metalloproteinase was coupled to NHSSepharose (GE Biosciences) following the manufacturer's protocol. All bound enzymes retained activity. A combinatorial peptide library was mixed with immobilized enzyme overnight at 4 °C. Weakly or non-specifically bound peptides were removed with 3 column volumes of enzyme buffer (50 mM Tris, 100 mM NaCl, 10 mM CaCl 2 , 0.05% Brij-35, pH 7.5) and bound peptides were eluted serially in 5 column volumes of 20% isopropanol. Each fraction was analyzed by MALDI-TOF MS to identify bound peptides.
Matrix
Metalloproteinases. Full length proMMP-1 and a truncated form of proMMP-3 missing the C-terminal hemopexin domain were expressed in E. coli and folded from inclusion bodies as described previously (36) . ProMMP-1 was activated using 1 mM APMA and 0.02 equiv of MMP-3 at 37 °C for 6 h. After activation, MMP-3 was separated from MMP-1 by affinity chromatography with a column of anti-MMP-3 IgG Affi-Gel 10. ProMMP-3 was activated by treatment with 5 µg/mL chymotrypsin at 37 °C for 2 h. Chymotrypsin was then inactivated with 2 mM diisopropylfluorophosphate. ProMMP-2 was purified from the culture medium of human uterine cervical fibroblasts (37) and activated by incubating with 1 mM APMA for 1 h at 37 °C. The concentrations of active MMPs were determined by active site titration with N-TIMP-1 (38) . MMP-9 (catalytic domain) was expressed as described elsewhere 2 . EBNA-293 cells expressing ADAMTS-4 were a generous gift of Dr. Hideaki Nagase (The Kennedy Institute for Rheumatology, Imperial College, London). Cells were cultured in OptiMEM-1 media with 4 % fetal bovine serum, 25 U/mL penicillin, 25 µg/mL streptomycin, 100 µg/mL hygromycin, and 250 µg/mL G418 sulfate (Invitrogen) (39) . Conditioned media was collected and ADAMTS-4 purified using an anti-FLAG affinity column followed by size exclusion chromatography using an S75 high-load 16 Peptides were dissolved at A 2.5 mM concentration in water with 10% D 2 O (used for locking purposes) and 4 nmol of TSP and placed in 3 mm NMR tubes (Kontes Glass). The pH was adjusted to 3.6 using 0.01 M NaOH and a Thermo micro-pH probe. Spectra were obtained using a 3 mm HCN generation 5 high performance probe. NMR experiments were conducted at temperatures ranging from 0-50 °C to achieve the best chemical shift dispersion to aid the sequence-specific assignments. For onedimensional NMR experiments, the water signal was suppressed using double spin-echo (40) . For two-dimensional experiments, water suppression was carried out using WATERGATE (41) in combination with 3919 purge pulses with flipback (42), which were implemented in the TOCSY and NOESY pulse sequences. All 2D NMR spectra were recorded in the phase sensitive mode using the States-Haberkorn method (43) with a spectral width of 6000 Hz and 2K data points. All NMR data were processed using VNMR 6.1C (Varian NMR Instruments) on a Sun Blade 150 workstation. FIDs were apodized with a shifted sine bell window function and linearly predicted to 1K points in t1 and zero-filled to 2K x 2K data matrices. The data were baseline corrected in F2 by applying a polynomial function. NOESY cross-peaks were assigned and classified according to their intensities as strong, medium, or weak with the aid of their volume integrals.
Sequence specific assignments off all proton resonances were carried out using standard biomolecular NMR procedures (44) .
Results
A member of the ET family whose solution structure has been determined (6,45), sarafotoxin 6b (Srt6b) (Fig. 1) was initially tested for MMP inhibitory activity and was found to inhibit MMP-2 and MMP-3 with K i values of 4 and 8 µM, respectively (data not shown). To decrease the affinity for the endothelin receptors and thus reduce or eliminate other biological activities and toxicity, Srt6b was truncated at Asp18. This peptide, designated STX, lost essentially all of its inhibitory activity towards MMPs, but was used as a starting point for developing metalloproteinase inhibitors (for nomenclature and sequences, see Table 1 ). Initially, positions 4 and 16 were chosen for modification because, based on the Srt/N-TIMP analogy ( Figs. 1 and  2 ) the residues at these sites differ from those in TIMPs, suggesting that appropriate substitutions could impart a more TIMP-like structure and improve the inhibitory activity; also the amino acids at these sites vary within the ET family, suggesting that substitutions would not perturb the folding capacity of these constructs. STX-A4, incorporating Ala (which is found in this site in TIMP-4) and STX-V16, derived from the analogous site in TIMP-1, were generated, folded, purified and tested for MMP inhibitory activity. Metalloproteinases were selected to represent different subgroups including a collagenase (MMP-1), two gelatinases (MMP-2 and MMP-9), a stromelysin (MMP-3), membrane-type (MT1-MMP), an ADAM (ADAM-17), and an aggrecanase (ADAMTS-4). STX-V16 showed no improvement in inhibitory capacity compared to STX, whereas STX-A4 showed marked improvement towards MMP-1, -2, and -9 ( Table 2) . None of the peptides significantly inhibited MT1-MMP, ADAM-17, or ADAMTS-4 (data not shown). Based on these results, a variant containing the substitution of Ser for Lys4 (representing residue 4 from TIMP-2 and TIMP-3) was synthesized. This analog, STX-S4, showed further enhancement of activity towards MMP-1, -2, and -9, and was inactive towards MT1-MMP, ADAM-17, or ADAMTS-4 ( Fig. 3 ).
The best Srt-derived inhibitor, STX-S4, was still slightly less active than the initial Srt6b prior to C-terminal truncation (K i values of 21 vs 8 µM).
To attempt to improve its affinity for MMPs, the sarafotoxin structure was examined in comparison to the structure of the TIMP-1/MMP-3 complex. This suggested that additional contacts might be generated via the Cterminal region of the sarafotoxin-derived peptide. (Fig. 2) The C-terminal region is analogous to residues 65-69 of TIMPs (numbering refers to human TIMP-1), which forms part of the TIMP/MMP contact surface (11, (15) (16) (17) 46) but is oriented in the opposite direction. Using sequence information from 13 different TIMPs, a limited combinatorial peptide synthesis scheme was devised. This scheme utilized residues 1-15 from the best MMP inhibitor from initial studies (STX-S4). Within this framework, a variety of C-terminal sequences were introduced to produce possible TIMP-like structures. The amino acids represented in the combinatorial pools were: residue 16 Val, Leu, Met, and Ala; residue 17, Ser and Ala; residue 18, Glu, Ser, and Asp; residue 19, Met, Ser, Asp, and Glu; and residue 20, Ala and Ser. The combinatorial pools were weighted more heavily towards residues found in human TIMPs. Non-mammalian TIMPs are less conserved in this region than the mammalian TIMPs and are less wellcharacterized with regard to their functional properties, so a limited array of residues from non-mammalian TIMPs were included. During synthesis, the ratio of each amino acid was chosen to produce predictable molar coupling efficiencies based on prior combinatorial peptide studies (30) . For example, amounts of reagents for residue 16 were chosen to generate 2 equiv of Val (from human TIMP-1 and -2), 2 equiv of Leu (from human TIMP-3 and -4) and 1 equiv each of Met (from Drosophila TIMP) and Ala (from other TIMPs). As discussed above, the directionality of the TIMP strand is opposite that of the sarafotoxin strand in this region, and TIMP residue 69 (TIMP-1 numbering) was considered to be equivalent to Srt position 16 and TIMP residue 65 to position 19. Mass spectroscopic analysis showed the presence of species corresponding to all possible masses, although sequence redundancy precluded the positive identification of each individual peptide. The peptide mixture was folded and partially purified by RP-HPLC. The resulting STX library was applied to an affinity column containing immobilized MMP-1 or MMP-3. Bound peptides were eluted with 5 volumes of 20% isopropanol. MALDI-TOF analysis of the bound fractions indicated the presence of a variety of peptides of which some could be identified based on mass. One peptide, named STX-S4-CT, bound by both enzymes, was chosen for individual testing. It contained the Cterminal sequence Met-Ser-Glu-Met-Ser, which is not identical with the "equivalent" sequence in any known TIMP. Interestingly, Met16 and Ser19 correspond to non-mammalian TIMPs (Drosophila and C. elegans), which were deliberately underrepresented in our original combinatorial library. This peptide was synthesized, folded, purified, and screened for metalloproteinase inhibitory activity; it was found to be a 10-30 fold better inhibitor than STX-S4 ( Table 2, Fig. 3) . Interestingly, it also shows modest selectivity between MMP-2 and -9 (22-fold) and between MMP-1 and -9 (4.6-fold). For comparison, a control peptide containing the TIMP-derived C-terminus was generated with the original sarafotoxin amino acid (Lys) in position 4, STX-CT. This allowed for the comparison of inhibitory activity arising from the C-terminus relative to that derived from the amino acid at position 4. The results suggest that while Ser at position 4 enhances the activity towards MMP-1, -2, -3, and -9, the TIMPderived C-terminus produced some selectivity towards MMP-9 ( Table 2, Fig. 3 ).
Structure-function relationships
An important aspect of the MMP-inhibitory action of TIMP is mediated by the interaction of the α-amino and carbonyl groups of Cys1 of TIMP with the catalytic Zn 2+ of the protease (14) . Modification of the α-amino group by carbamylation or acetylation essentially eliminates the inhibitory activity of TIMP-2 and TIMP-4 towards MMPs (46, 47) . To investigate whether Srt-model peptides interact in a similar manner with MMPs, an α-N-acetylated form of the STX-S4-CT peptide was synthesized (Ac-STX-S4-CT), generating a peptide with approximately a 50-fold weaker MMPinhibitory activity (Table 2, Fig. 4) . Similar results were seen in a N-TIMP-1 mutant incorporating an Ala extension at the Nterminus. This protein, called -1AlaTIMP-1, had approximately 200-fold less activity towards MMP-9, whereas the activity towards MMP-7 was essentially abolished 3 . Disulfide bonds enhance the stabilities of threedimensional structure of a peptides and proteins. For endothelin-family members, the disulfide bonds modulate a modest fraction of endothelin receptor binding and subsequent vasopressor activity. The TIMP disulfide bonds are also important for stabilizing the three-dimensional structure necessary for inhibition, with Cys1-Cys70 being the most critical for activity (11) . To investigate the role of the disulfide bonds in MMP-inhibitory activity in STX-S4-CT, a variant of STX-S4-CT sequence was synthesized with Cys 1, 3, 11, and 15 replaced by aminobutyric acid, which is a spatially comparable amino acid that is unable to form a disulfide. The Abu-STX-S4-CT peptide was synthesized, dissolved in folding buffer, purified, and tested for MMP inhibitory activity. This analog had very low activity as an MMP inhibitor (Table 2, Fig. 4) . A low level of activity remained in both Ac-STX-S4-CT and Abu-STX-S4-CT, but a peptide containing both modifications, AcAbu-STX-S4-CT, had virtually no inhibitory activity towards any of the enzymes tested (Table 2, Fig. 4) . A comparison of collagenase vs gelatinase inhibition profiles indicated that for MMP-1 the N-terminal α-amino group of Cys1 is more important for activity than the disulfide-bonded tertiary structure, whereas for MMP-2 and -9 the N-terminal charge was relatively less important for activity (Fig. 4) .
Structural characterization
After partial reduction of STX-S4-CT with TCEP and derivatization with NEM, a modified form of the peptide was isolated by HPLC that eluted later than the native peptide and earlier than the fully reduced form. Sequence analysis indicated that Cys1 and Cys15, alone, were modified by NEM, indicating that Cys3 and Cys11 are protected from NEM by disulfide bond formation so that the STX-S4-CT peptide retains the native Cys1-Cys15, and Cys3-Cys11 connectivity. Each Srt variant was characterized with respect to secondary structure content by circular dichroism (CD) spectroscopy. The far UV CD spectra of STX and its Val16, Ala4, and Ser4 variants ( Figure 5 ) resemble that of fulllength Srt b (22, 45) . Analysis of the CD spectra with the neural network program k2d (35) gives secondary structure contents for STX and its single site variants (A4, S4 and V16) of 8-10% α-helix, and 36-44% β-structure; however, the spectra of STX-CT and STX-S4-CT suggest 20 and 30% helix and 27 and 13% β-structure, respectively. As expected, Abu-STX-S4-CT has a distinctly different solution structure compared to the disulfide-containing analogs (Fig. 5) . While the CD spectra suggest that the Cterminal "TIMP-like" extension enhances the α-helix content of the peptide, additional structural evidence is needed to determine if this is correct and to determine which residues are responsible for the increased helicity. With this goal, we used nuclear magnetic resonance spectroscopy to further characterize the structure. Two dimensional TOCSY and NOESY spectra were obtained for STX-S4 and STX-S4-CT. Sequence-specific assignments were achieved for all α-CH protons, as well as the majority of amide protons. This allowed us to generate NOE-based secondary structure connectivity maps (Figs. 6B and 6C) . The chemical shift of the α-CH proton of an amino acid is more shielded when in a helical conformation and less shielded when in a β-strand extended conformation, with respect to the random coil value (48) . This chemical shift index plot (Fig.  6A) , indicates that the substitution of Ser at position 4 for Lys in Srt6B produces insignificant changes in secondary structure. However, the insertion of the "TIMP-like" Cterminus in STX-4-CT extends the helical segment beyond that found in the original Srt6b or STX-S4. In addition, more NOEs are present in STX-S4-CT than in STX-S4, including a greater number of long-range interactions. This indicates that STX-S4-CT is more structured than STX-S4, in agreement with the CD spectra (Fig. 5) . This result is similar to the crystal structures of ET-family members in which the C-terminus is largely helical (6, 8, 45 ).
Discussion
The development of specific low molecular weight inhibitors of metalloproteinases has been in progress for about 2 decades and has generated an array of molecules that are effective selective inhibitors in vitro, yet most have failed in clinical trials (49, 50) . Hydrophobicity, which is often associated with high affinity binding to MMPs, can lead to membrane association and lower in vivo availability while the presence of a potent Znbinding moiety in most inhibitors may contribute to binding to zinc metalloproteins other than MMPs with the potential for deleterious side effects. Peptides and their derivatives are logical starting points for developing novel, less hydrophobic inhibitors of proteases and structured peptides offer advantages over unstructured peptides because of lower entropic costs of binding. This appears to be an important principle in relation to ligand binding to metalloproteinases since previous studies have shown that substrate structure can have a major influence on substrate selectivity for different enzymes of this type (27) . Members of the endothelin family of peptides have welldefined tertiary structures stabilized by two disulfide bonds, Fortuitously, this fold has a marked similarity to the core of the MMPinhibitory site of the TIMPs, which in the four structurally-characterized TIMP/MMP complexes, makes the majority of contacts with the protease (14) (15) (16) (17) . This suggested the possibility that endothelin family members could be a starting point for developing a peptidebased metalloproteinase inhibitor. Previous studies have shown that removal of Trp21 of ET eliminated the vasoconstrictive activity (22, 51) . In the present study, we have used as a starting point Srt6b variants with a truncated C-terminus. Modifications have been introduced to optimize binding to and inhibition of MMPs. The generation of a "mini-TIMP" in this manner can provide a lead for designing selective MMP inhibitors that are less hydrophobic. C-terminal deletions greatly reduce the MMP inhibitory activity, but this can be restored and improved by sequence substitution for residue 4 and an appropriate C-terminal extension. In the course of the present work, multiple substitutions have been made for residues 2, 4 and 16-21 of Srt6b. In all cases, the peptide folds and generates the native Cys1-Cys15 and Cys3-Cys11 disulfide bond pairing, highlighting the resilience of the Srt framework.
NMR and crystallographic studies of TIMP-1 and MMP-3 and their complex indicate that structural adjustments occur in both proteins upon complex formation (14) (15) (16) (17) 52) . In N-TIMP-1, structural changes in the A-B loop and C-D connector are thought to affect the ability of Val69 make contact with the enzyme and optimize binding interactions between enzyme and inhibitor. Also, the residues that form the protein-protein interface become more rigid in the complex; these changes impart both enthalpic and entropic costs to complex formation. In the case of the MMP-binding ridge of N-TIMP-1, these costs have been estimated at 8-13 kcal/mol (52) . Although a peptide inhibitor, such as a Srt analogue, will have a smaller interaction surface for the MMP as compared to a protein inhibitor, it is possible that the thermodynamic costs of binding are less in the case of an appropriately designed constrained peptide. The STX-S4-CT inhibitor developed in the present study shows a marked improvement in affinity as compared with the initial truncated STX peptide as well as selectivity of binding to different MMPs. However, its usefulness as an inhibitor would be enhanced by further improvements in affinity and selectivity. Based on the fact that N-acetylation of STX-based inhibitors greatly reduces the MMP-inhibitory activity, as well as the effects of substitutions for residue 4, it is reasonable to hypothesize that the STX variant interactions with MMPs are similar to those of TIMPs. We constructed a model of STX-S4-CT using the coordinates of the NMR solution structure of Srt b (model 10 of pdb file 1SRB (45)) by substituting Ser at position 4, deleting the C-terminal hexapeptide. We added the C-terminal Met-Ser-Glu-Met-Ser pentapeptide in α-helical conformation, based on information from CD and NMR studies (Figs. 5 and 6) of the solution structure and also conducted energy minimization using
HyperChem. The PatchDock algorithm was used on-line (bioinfo3d.cs.tau.ac.il/PatchDock/) to predict docking sites with the catalytic domain of MMP-1 (53) . A number of the predicted docking sites were distant from the active site of MMP-1 but one (solution 3, Fig. 6 ) is similar to the binding site for TIMP. In this projected complex, the N-terminus of the inhibitor is within 3.5 Å of the catalytic Zn 2+ ion, Asn171-Phe174, Asn180, and Phe185 of MMP-1. Additional contacts are between Ser4 (inhibitor) and Leu181 (enzyme), Tyr210 (enzyme), and between Met6 (inhibitor) and Gly179 (enzyme). Four inhibitory MMP-TIMP complexes have been structurally characterized by NMR and Xray crystallography (14) (15) (16) (17) 52) . A comparison these structures with our putative MMP-peptide interactions shows similarities together with differences in two areas. Firstly, there are no direct contacts between the Srt variant and two Zn-coordinating His residues and the catalytic Glu 219 in our model peptide-enzyme complex. Since it is within 5 Å of this region, contacts with this region might be enhanced by relatively minor structural adjustments in the inhibitor. Secondly, Ser4 of the inhibitor is in contact with Tyr210 of the MMP. An equivalent interaction is not present in the TIMP-1/MMP-3 complex (14) , however, in the recently-determined structure of the N-TIMP-1/MMP-1 complex, Val4 of the TIMP makes two contacts with Tyr210 of the MMP (16) , suggesting that the model has some predictive value. Improving the contacts between enzyme and inhibitor in this region might offer a means of enhancing the selectivity of the inhibitor between different MMPs. The model of the STX-S4-CT:MMP-1 complex provides ideas about inhibitor-enzyme contacts that can be tested experimentally; it is consistent with present data on structurefunction relationships and, more importantly, offers direction for inhibitor optimization. 
